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ABSTRACT

The extensive set of measurements performed during the Chesapeake Lighthouse and Aircraft Measure-
ments for Satellites (CLAMS) experiment provides a unique opportunity to evaluate aerosol retrievals over
the ocean from multiangle, multispectral photometric, and polarimetric remote sensing observations by the
airborne Research Scanning Polarimeter (RSP) instrument.

Previous studies have shown the feasibility of retrieving particle size distributions and real refractive
indices from such observations for visible wavelengths without prior knowledge of the ocean color. This
work evaluates the fidelity of the aerosol retrievals using RSP measurements during the CLAMS experi-
ment against aerosol properties derived from in situ measurements, sky radiance observations, and sun-
photometer measurements, and further extends the scope of the RSP retrievals by using a priori information
about the ocean color to constrain the aerosol absorption and vertical distribution.

It is shown that the fine component of the aerosol observed on 17 July 2001 consisted predominantly of
dirty sulfatelike particles with an extinction optical thickness of several tenths in the visible, an effective
radius of 0.15 � 0.025 �m and a single scattering albedo of 0.91 � 0.03 at 550 nm. Analyses of the ocean
color and sky radiance observations favor the lower boundary of aerosol single scattering albedo, while in
situ measurements favor its upper boundary. Both analyses support the polarimetric retrievals of fine-
aerosol effective radius and the consequent spectral variation in extinction optical depth. The estimated
vertical distribution of this aerosol component depends on assumptions regarding the water-leaving radi-
ances and is consistent with the top of the aerosol layer being close to the aircraft height (3500 m), with the
bottom of the layer being between 2.7 km and the surface. The aerosol observed on 17 July 2001 also
contained coarse-mode particles. Comparison of RSP data with sky radiance and in situ measurements
suggests that this component consists of nonspherical particles with an effective radius in excess of 1 �m,
and with the extinction optical depth being much less than one-tenth at 550 nm.

1. Introduction

Aerosols can change the radiative budget of the at-
mosphere by scattering or absorbing sunlight (“direct
climate forcing”) and by modifying the formation and
life cycle of clouds (“indirect climate forcing”). There is
significant uncertainty in our knowledge of how large
these climate forcings are, with the magnitude of ab-
sorption by aerosols being a major source of uncer-
tainty in the direct climate forcing. This is because both

the amount and the vertical distribution of absorption
by aerosols are poorly known, which can affect not just
the magnitude of the radiative forcing by aerosols but
also its sign. In order to determine the direct radiative
forcing and diagnose the indirect radiative forcing
caused by aerosols accurate retrievals of the size, com-
plex refractive index, and number of these particles are
required (Hansen et al. 1995) together with some esti-
mate of the vertical extent of the aerosols. In a recent
article (Chowdhary et al. 2002) we explored the esti-
mation of aerosol properties from visible polarized re-
flectances obtained over the ocean by the Research
Scanning Polarimeter (RSP) instrument (Cairns et al.
1999), an airborne remote sensor that is functionally
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similar to the Earth Observing Scanning Polarimeter
(EOSP; see Travis 1993). We demonstrated that the
polarized reflectance near the backscattering direction
is essentially insensitive to light emerging from the
ocean body, which enabled us to expand the spectral
range of measurements that can be used for aerosol
retrievals over the ocean. The RSP polarized reflec-
tance measurements could therefore be used to retrieve
the aerosol particle size distribution, the real part of the
refractive index, and extinction optical depth. In this
paper we extend our analysis to include an evaluation
of how well the aerosol single scattering albedo and
vertical distribution of the aerosol can be estimated
from the full set of RSP measurements.

The Chesapeake Lighthouse and Aircraft Measure-
ments for Satellites (CLAMS) experiment, which took
place during the period of 10 July to 2 August 2001,
offers a unique opportunity to explore how well remote
sensing measurements, such as those made by the RSP,
can constrain the retrieval of aerosol properties. The
CLAMS experiment was a shortwave radiative closure
experiment that involved measurements obtained from
six research aircraft, several land sites, and an ocean
platform. Its goal was to validate and improve atmo-
spheric and oceanic products retrieved from observa-
tions by the Clouds and Earth’s Radiant Energy System
(CERES), Multiangle Imaging Spectroradiometer
(MISR), and Moderate Resolution Imaging Spectrora-
diometer (MODIS) satellite instruments flown on
board the Earth Observing System (EOS) spacecraft
Terra. The majority of the measurements were cen-
tered close to the Chesapeake Lighthouse research
platform, which is located 25 km east of Virginia Beach,
Virginia, and which functions as the CERES Ocean
Validation Experiment (COVE) site where radiation,
meteorology, and ocean optics are monitored continu-
ously. One component of the CLAMS field campaign
consisted of operating the RSP instrument on board a
Cessna 210 aircraft to measure Stokes parameters I, Q,
and U of the upwelling radiation as a function of wave-
length and viewing angle. Other components of the
CLAMS experiment that are of interest in this work are
the in situ measurements of aerosol scattering and ab-
sorption coefficients (Magi et al. 2005) and aerosol ex-
tinction optical depths (Redemann et al. 2005) col-
lected by the instruments aboard the University of
Washington Convair 580 (CV-580) research aircraft,
the skylight and ocean optics measurements performed
from the COVE ocean platform (Jin et al. 2005), and
the optical depth measurements made by AERONET
(Holben et al. 1998). The CLAMS experiment is there-
fore ideally suited to study the capability of retrieving
aerosol single scattering albedo from RSP observations
over oceans.

The measurement of the aerosol single scattering al-
bedo �, and its variation as a function of wavelength �,
was one of the objectives of the CLAMS field experi-
ment since deviations of its value from that which is

assumed in the algorithms used by MODIS and MISR
affect their remote sensing retrievals of aerosol prop-
erties. Deviations of �(�) from unity in the visible part
of the spectrum are usually considered to be caused by
the presence in aerosol mixtures of strongly absorbing
soot impurities. Such impurities can exist either outside
nonabsorbing particles, or they can reside inside non-
absorbing particles, as is the case for soot particles scav-
enged by liquid droplets. Regardless of how these im-
purities are mixed, one still needs to retrieve both the
aerosol scattering and absorption properties in order to
determine �(�).

Retrievals of �(�) based on photometric measure-
ments of the earth’s reflectance in visible spectral bands
perform best when applied over extremely bright, well-
characterized surfaces, while retrievals of aerosol scat-
tering optical depth, size distribution, and real refrac-
tive index are most accurate over black surfaces. Both
requirements can be satisfied by selecting scenes with
strong contrasts such as (near-infrared) images of a des-
ert bordering an ocean (Tanré et al. 2001) or a (near-
infrared) view of the ocean containing sun-glint and
off-glint areas (Kaufman et al. 2002), but the number of
images containing such scenes is typically quite limited
over any given satellite orbit. Furthermore, complica-
tions arise if the reflectance of the surface is such that
the aerosols have no effect on the observed radiance
(Hsu et al. 2004), or if the contrast between bright and
dark pixels is blurred by adjacency effects (Santer and
Schmechtig 2000).

Aerosol scattering and absorption properties can also
be retrieved over dark surfaces if there is sufficient mul-
tiple scattering in the atmosphere to enhance the sen-
sitivity of remotely sensed reflectances to the single
scattering albedo. This approach avoids some of the
complications encountered for scenes with large surface
contrasts and has been successfully used in the retrieval
of aerosol single scattering albedo and aerosol optical
depth in the ultraviolet (UV) from measurements made
by the Total Ozone Mapping Spectrometer (TOMS)
instruments (Torres et al. 2002). Although these re-
trievals do not provide any information about the size
or real refractive index of the aerosols and must also
make assumptions about the vertical extent of the aero-
sol layer, they can be made over both land and ocean
because of the generally low and stable surface reflec-
tance in the UV. However, in order to understand cli-
mate forcing by aerosols it is clearly of interest to ex-
tend the spectral range of single scattering albedo esti-
mates from remote sensing measurements beyond the
UV spectral domain, which is not always indicative of
absorption in the visible part of the spectrum.

Over the open ocean, off-glint surface reflectances
are usually much smaller and vary much less than the
reflectance over land even if one includes the contribu-
tions of water-leaving radiances. This makes them an
excellent background target for retrieving aerosol prop-
erties, primarily aerosol optical depth and particle size
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distribution (PSD) information, from space (Deuzé et
al. 2000; Geogdzhayev et al. 2002; Martonchik et al.
2002; Remer et al. 2002). Typically longer wavelengths
in the near-infrared (NIR) have been used in the re-
mote sensing of aerosols over the ocean since water-
leaving radiances approach zero (Gordon 1997), which
means that the ocean is essentially a blackbody except
for the skylight reflected off the surface. However, in
order to estimate �(�) it is necessary to use shorter
wavelengths that are affected by light scattered within
the ocean body. Gordon and coworkers (Gordon et al.
1997; Chomko and Gordon 1998) therefore proposed
using visible (VIS) reflectance measurements over
oceans to constrain both aerosol absorption and the
underwater-light contribution simultaneously. The ra-
tionale for this approach is that the spectral and angular
behavior of light scattered by aerosols is distinctly dif-
ferent from that of underwater-light scattering. The pri-
mary difficulty in implementing this method is that the
NIR measurements must be used to estimate the aero-
sol burden and identify an aerosol model. However, if
only radiance measurements are available this estimate
suffers from serious nonuniqueness problems (Mish-
chenko and Travis 1997; Chowdhary et al. 2001;
Chowdhary et al. 2002). Since the aerosol burden and
model are then used in the analysis of the VIS mea-
surements to separate the contributions to the observed
VIS radiances from ocean color and aerosol absorption,
errors in the selection of aerosol burden and model
using the NIR measurements can therefore propagate
into erroneous ocean color and �(�) estimates (Li et al.
2003; Schollaert et al. 2003).

The RSP measurements of polarized reflectance al-
low one to estimate an aerosol model (i.e., real refrac-
tive index and PSD of aerosol particles) with far greater
accuracy than photometric measurements regardless of
the surface conditions below the atmosphere. This sig-
nificantly reduces the propagation of errors in the ap-
proach suggested by Gordon et al. (1997) to simulta-
neously retrieve aerosol absorption and underwater-
light contributions from total reflectance observations
in the VIS. The spectral behavior of water-leaving ra-
diances depends on the backscattering coefficient,
sblk(�), and absorption coefficient, ablk(�), of bulk oce-
anic water (Morel and Prieur 1977). Over the open
ocean, one can parameterize these coefficients in terms
of one variable, namely, the concentration of chloro-
phyll a, [Chl], which is a photosynthetic pigment found
in phytoplankton (Morel and Maritorena 2001; Morel
et al. 2002). Hence, the spectrum of the underwater-
light contribution is reasonably well defined for any
given [Chl], which allows retrievals of �(�) as a func-
tion of [Chl]. For fine-mode aerosols the correct value
of chlorophyll concentration should yield a smooth
variation of the aerosol absorption coefficient, kabs, in
the VIS. The situation is more complicated for coastal
regions such as the COVE site, where the discharge and
resuspension of sediments and colored dissolved or-

ganic matter (CDOM) from freshwater runoff can
cause significant changes in sblk(�) and ablk(�) (Loisel
and Morel 2001). However, during and after the
CLAMS experiment numerous measurements of
sblk(�), and ablk(�) were made to constrain their vari-
ability.

In the body of the paper we proceed as follows. Sec-
tion 2 provides an overview of the instruments and of
the data used in this study. In section 3, we discuss the
retrieval method and radiative computations used to
invert RSP data. The results of our retrieval along with
relevant sensitivity studies are given in section 4. Fi-
nally, we summarize and briefly discuss our results in
section 5. In an appendix, we provide a list of all sym-
bols used in the current work together with their de-
scriptions and units.

2. Measurements

a. Instruments

The CLAMS campaign employed a multitude of in-
struments located on space platforms, aircraft, land
sites, and an ocean platform. Here, we introduce only
those instruments and describe only those measure-
ments that are relevant to our case study. We group our
discussion of instruments according to the measure-
ment platform they were on, namely, the Cessna 210,
the CV-580, and the Chesapeake Lighthouse.

The total and polarized reflectances derived from
RSP measurements that were performed on the Cessna
210 constitute the core of the present analyses. The
unique design of the RSP instrument allows the first
three Stokes parameters, I, Q, and U (W m�2 nm�1

sr�1), to be measured simultaneously in nine spectral
channels at each viewing angle �� (°) (Cairns et al.
1999). This approach ensures that the spectral and po-
larimetric measurements in each instantaneous field of
view (IFOV) see the same scene even if the underlying
surface varies rapidly, or if the aircraft is maneuvering.
Because of vignetting by the skin of the aircraft, only 96
out of a possible 152 viewing angles are available for
each scan, which, for the 0.8° contiguous IFOVs of the
RSP, provides a limb-to-limb viewing angle range of
76°. Partial vignetting of the limb pixels can, for this
viewing range, still be noticed in some channels. The
scanning of a scene occurs by means of a rotating po-
larization-insensitive two-mirror system that generally
had its scan plane oriented along the direction of travel
of the aircraft during the CLAMS field experiment.
The speed of the aircraft is adjusted so that at high
altitudes (	 3 km) successive nadir views are one IFOV
apart and the same point at the ground is seen from
multiple viewing angles. The centers [full width at half
maximum (FWHM)] of the RSP spectral bands are 410
(30), 470 (20), and 555 (20) nm for visible light where
scattering by molecules and submicron aerosols is sig-
nificant; 670 (20), 865 (20), and 960 (20) nm for near-

APRIL 2005 C H O W D H A R Y E T A L . 1095



infrared light where scattering by fine-mode and
coarse-mode aerosols predominates; and 1590 (60),
1880 (90), and 2250 (120) nm for shortwave infrared
light that is dominated by coarse-mode aerosol scatter-
ing. The radiance measurements have a wide dynamic
range (effective number of bits is 14) and high signal-
to-noise ratio (2000 at a Lambertian equivalent reflec-
tance of 0.3) with a radiometric and polarimetric un-
certainty of � 3.5% and � 0.2%, respectively (Cairns
et al. 1999). The total reflectance R and polarized re-
flectance P analyzed in this study are defined as 
I
(�0S)�1 and 
(Q2�U2)1/2 (�0S)�1, respectively, where
�0 is the cosine of the solar zenith angle �0 (°) and S is
the modified extraterrestrial solar irradiance (W m�2

nm�1). The latter irradiance is the RSP instrument
spectral response convolved with the solar spectral ira-
diance described by Lean (2000) for a point in the solar
cycle midway between solar minimum and solar maxi-
mum.

Instruments aboard the University of Washington
CV-580 research aircraft performed numerous mea-
surements of the ambient air mass. A complete over-
view of these instruments along with the flight plans
and summaries of each flight is given by Hobbs (2001;
document available online at http://cargsun2.atmos.
washington.edu), while Magi et al. (2005) discuss the
measurements of aerosol properties. Here, we mention
only briefly those aerosol measurements that are used
in the present study to evaluate the RSP retrievals. An
MS Electron integrating nephelometer operating with-
out a humidograph (Hartley et al. 2000) provided the
scattering coefficient ksca (m�1at wavelengths of 450,
550, and 700 nm (FWHM is 40 nm) for dry aerosol
particles. The dry aerosol absorption coefficient kabs

(m�1) was measured at a wavelength of 567 nm
(FWHM is 15 nm) by a particle and soot absorption
photometer (PSAP; see Hartley et al. 2000). The PSD
measurement that is used in this paper came from the
Passive Cavity Aerosol Spectrometer Probe (PCASP-
100X) located on the wing of the CV-580, which mea-
sures the size distribution of dried particles in 15 chan-
nels between 0.12 and 3 �m and whose results are re-
ported in Magi et al. (2005). The National Aeronautics
and Space Administration (NASA) Ames 14-channel
Automated Airborne Tracking Sunphotometer
(AATS-14) was mounted on top of the CV-580 and
tracked the direct beam of the sun, measuring its inten-
sity at 14 discrete wavelengths from 353 to 1558 nm
(FWHM was 5 nm). These measurements were used to
derive accurate estimates of the aerosol extinction op-
tical depth �(�) of the column above the aircraft
(Schmid et al. 2003) at 13 of these wavelengths (353,
380, 449, 499, 525, 606, 675, 778, 865, 1019, 1059, 1241,
and 1558 nm). Vertical profiles of aerosol extinction
coefficient kext � kabs � ksca (m�1) were derived from
AATS-14 measurements that were obtained during spi-
ral ascents and descents of the CV-580 aircraft. A de-
scription of other instruments carried by the aircraft

participating in the CLAMS experiment that can be
used to retrieve aerosol properties is given by Rede-
mann et al. (2005).

Bio-optical measurements were performed in the
marine environment at the COVE platform by a team
from the Old Dominion University Center for Coastal
Physical Oceanography (http://www.ccpo.odu/orca).
All observations and data processing conformed closely
to NASA’s Ocean Optics Protocols (Mueller et al.
2003) incorporating modifications by Hooker and Mo-
rel (2003). Marine observations included chlorophyll
concentration [Chl] plus key optical properties. Inher-
ent optical properties included measurements of ab-
sorption coefficient with 1-nm resolution (280 � � �
750 nm) for total particulate matter ap(�) (m�1) (Mitch-
ell 1990) and soluble materials as(�) (m�1) (Bricaud et
al. 1981), plus particulate backscattering coefficients
sp(�) (m�1) at wavelengths of 442, 488, 510, 555, 676,
and 852 nm with a HydroScat-6 sensor from the Hydro-
optics, Biology, and Instrumentation (HOBI) Labora-
tories. Of interest for future work are the water-leaving
radiances derived from measurements of the down-
welling irradiance and radiance and of the upwelling
radiance just above the ocean surface with a Satlantic
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) Air-
borne Sensor III instrument at wavelengths of 380, 399,
412, 443, 489, 509, 532, 554, 665, 683, 700, 780, and 865
nm (FWHM of 10 nm). Water-leaving radiances were
corrected according to Hooker and Morel (2003). A
Cimel sun photometer at the COVE platform that is
part of the Aerosol Robotic Network (AERONET)
(Holben et al. 1998) provides measurements of the di-
rect solar beam at 340, 380, 441, 500, 673, 873, and 1021
nm together with both solar principal plane and almu-
cantar sky radiance measurements at 441, 673, 873, and
1021 nm. Such measurements can be used to estimate
�(�), PSD, and �(�), as discussed in Dubovik et al.
(2000). The COVE platform also hosts a National Oce-
anic and Atmospheric Administration (NOAA) Na-
tional Data Buoy Center station (known as CHLV2),
which provided routine measurements of meteorologi-
cal parameters during the CLAMS experiment includ-
ing those of ocean-surface wind speed and direction.
Other instruments on the COVE platform that are not
used in the present work are described in Jin et al.
(2002) and Jin et al. (2005).

b. RSP datasets and case study

The RSP instrument participated in the CLAMS ex-
periment from 10 July to 17 July 2001. More than 150
files of flight-track data were acquired during this pe-
riod over ocean near the COVE site and over land
crossing the Dismal Swamp (available online at http://
www.giss.nasa.gov/data/rsp_air/clamsindex.html). The
scenes are mostly cloud free but there are some ex-
amples of cumuliform and stratiform clouds that can be
used to examine different approaches to the retrieval of
cloud particle size distributions. RSP data were ac-
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quired at high (3.6 km) and low (60 m) altitudes. The
low-altitude measurements were designed to meet the
desire of the CERES, MODIS, and MISR teams for
better characterization of the surface bidirectional re-
flectance distribution function (BRDF), and the high-
altitude measurements were designed to study the re-
trieval of aerosol properties from satellite observations.
It was assumed that most of the aerosol burden resides
below the high-altitude flight paths, but measurements
obtained by the AATS instrument at such altitudes can
be used to either validate or correct for this assumption
when comparing RSP data with satellite observations.
Both the low- and high-altitude observations were ob-
tained at a range of solar azimuth angles (0°, 45°, 90°,
135°, and 180°), which allows for (i) the study of BRDF
properties of the underlying surface, and (ii) the evalu-
ation of polarimetric aerosol retrievals for a range of
viewing geometries. Some spiral ascents and descents
were also recorded, and these can be used to study the
vertical distributions of aerosol properties. Occasion-
ally, the RSP scan was oriented perpendicular (as op-
posed to along) the aircraft ground track, which effec-
tively turned the instrument into a push-broom imager.

This study focuses on analyses of RSP data obtained
on 17 July 2001, when all the aircraft participating in the
CLAMS experiment flew coordinated patterns over the
COVE site to perform measurements of the upwelling
radiation field and aerosol properties at the time of the
Terra overpass. The large amount of data collected for
this day, together with the clear sky and considerable
aerosol burden observed (Redemann et al. 2005), pro-
vides excellent conditions for validating aerosol remote
sensing products. The RSP instrument recorded for this
so-called golden day a total of 46 data files, of which 20
were obtained near or at the COVE site. To constrain
the properties of aerosols that are close in space and
time to those observed by AERONET and to those
probed by the CV-580 aircraft, RSP file 027 is used in
this study. The ground track for this file grazed the
COVE site during the second half of the flight and also
crossed the ground track of CV-580 flight 1874 a few
minutes prior to the passage of that aircraft (Fig. 1).
The time stamp for this file runs from 1613 to 1619
UTC, which provides the best match to the AERONET
measurements of �(�) at 1609 and 1617 UTC and with
the ocean optics measurements of ap(�), as(�), and
sp(�) at 1605 UTC. Of interest for future work is that it
coincides also with the Terra overpass of the COVE site
at 1614 UTC. The data in this file were acquired with
the RSP scan plane in the solar principal plane at an
altitude of 3.6 km. To check radiative closure between
the ocean optics measurements and the contribution of
water-leaving radiances to these data, we also analyze
RSP data files 023 and 024, which were acquired with
the Cessna 210 flying at an altitude of 60 m. File 023 was
acquired between 1536 and 1538 UTC with the RSP
scan plane perpendicular to the solar principal plane,
and file 024 was acquired between 1540 and 1543 UTC

with the RSP instrument scan plane in the solar prin-
cipal plane. The ground tracks for both these low-
altitude flight tracks cross in the middle of the flight
track for RSP file 027 (Fig. 1). Because of the (small)
temporal difference between the low- and high-altitude
measurements, the solar zenith angle �0 varied in this
case study between 25° and 19°.

3. Methods

a. Retrieval algorithm

Chowdhary et al. (2002, henceforth referred to as
C2002) discuss the steps involved in inverting RSP data
to retrieve aerosol properties. Their procedure takes
advantage of the large difference in aerosol scattering
optical thickness spectra for submicrometer- and mi-
crometer-sized particles over the range of RSP wave-
lengths to separate the retrieval of these particles. It
starts by inverting the 2250-nm total and polarized re-
flectances to estimate the properties of coarse-mode
aerosols and uses this estimate together with the (total
and) polarized reflectance measurements at � � 865 nm
to constrain the properties of fine-mode aerosols. The
case studied in the current work presents, however,
some new challenges that were not encountered in
C2002. For example, C2002 make the assumption that

FIG. 1. Ground tracks of various flights during the CLAMS
campaign. The open circle denotes the position of the COVE site.
The dashed lines show where RSP data files 023, 024, and 027,
were acquired. The dotted line labeled AATS14 is for CV-580
flight 1874. The dotted lines labeled A and B correspond to track
segments from RSP file 027 that are analyzed in Figs. 3–5 and in
Figs. 11–12, respectively. The long-dashed line overlaying the dot-
ted line corresponds to the track segment of CV-580 flight 1874
during which RSP data file 027 was obtained. The filled black
circles denote positions of CV-580 flight 1874 during which
AERONET made measurements of the aerosol optical depth.
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the fine-mode �(�) is negligibly small at 2250 nm. Pre-
liminary analysis of the data acquired during the
CLAMS campaign revealed large intensities near the
backscattering direction at 2250 nm on 17 July 2001,
which suggests that this assumption is not valid for the
present case study. Another difference is that the sun is
much closer to the zenith direction in the present case
study than in the previous work. Simulation results
shown by Masuda (1998) indicate that the dependence
on surface wind direction of skylight reflected off a
wind-ruffled ocean surface can become significant even
for wind speeds as low as 5 m s�1 if the sun approaches
the zenith. Such dependence, which leads to large
changes in the sun-glint angular profile, was not previ-
ously taken into account by C2002. Finally, allowing for
the retrieval of aerosol absorption requires not only
constraining one extra parameter—that is, �(�)—but
also considering the distribution of aerosol burden, or
equivalently of �(�), with height z. This is because the
radiative effects of aerosol absorption increase because
of multiple scattering with the optical thickness of mol-
ecules contained by the aerosol layer.

To accommodate these changes, we modify the re-
trieval algorithm given by C2002 as follows: Let {R}�

and {P}� stand for the bidirectional total and polarized
RSP reflectances measured in the solar principal plane
at wavelength �, respectively. Furthermore, let m(�) be
the complex refractive index of aerosol particles, and
functions Re and Im provide its real and imaginary
component, respectively. Finally, let subscript “f” de-
note properties of fine-mode particles, and subscript
“c” properties of coarse-mode particles. The retrieval
procedure loops through the following steps:

1) Use the sun-glint angular profile in {R}2250 to con-
strain the ocean-surface wind speed and direction
under the assumption of a molecular (i.e., aerosol
free) atmosphere.

2) Use the off-sun-glint data in {P}410 to {P}670 to obtain
estimates of �f(�), PSD, and Re[mf(�)] for nonab-
sorbing fine-mode particles assuming a black ocean
body and (initially) �c(�) � 0.

3) Use the off-sun-glint data in {R,P}865 to {R,P}2250 to
obtain �c(�), PSD, and Re[mc(�)] estimates for non-
absorbing coarse-mode particles extrapolating the
fine-mode retrieval from step 2.

4) Iterate steps 2 and 3 using the aerosol-mode re-
trieval of the previous step until the fine- and
coarse-mode estimates converge.

5) Use the off-sun-glint data in {R}410 to {R}670 to re-
trieve the ocean color assuming the coarse- and fine-
mode estimates from the previous step for atmo-
spheric correction.

6) Compare the retrieved ocean color with ocean spec-
tra estimated from bio-optical ocean models for
0.03 � [Chl] � 3.0 mg m�3 or from ocean optics
data; if they do not match, proceed to step 7.

7) Choose Im[mf(�)] � 0 for the aerosol estimate in

step 4, and use the off-glint data in {R,P}865 to
{R,P}2250 to adjust �f(�).

8) Use the off-glint data in {P}410 to {P}670 to adjust the
vertical distribution for both the fine- and coarse-
mode retrieval from step 7.

9) Iterate steps 5 to 8 using different values of
Im[mf(�)] until an acceptable fit between the re-
trieved and bio-optical models of ocean color is
achieved.

Steps 1–4 are described in more detail by C2002 ex-
cept for using {R}2250 to constrain the ocean-surface
wind speed and direction, and reversing the order of
retrieving fine-mode and coarse-mode aerosols. Also,
in step 2 we now allow Re[mf(�)] to decrease with
increasing wavelength. Note further in step 1 that while
aerosol scattering may not be negligible at 2250 nm, its
contribution to the sun-glint angular profile analysis
can for most practical cases be ignored. Steps 5–6 test
the assumption made in steps 1–4 of aerosols being
nonabsorbing by using these aerosols to correct total
reflectance measurements in the visible for atmospheric
scattering, and by comparing the residual reflectances
with known ocean color spectra. Note that the aerosol
products of steps 1–4 are not sensitive to the ocean
color because of the wavelengths, scattering geome-
tries, and type of reflectances used in their retrieval. In
steps 7–9, we relax the condition of the fine-mode aero-
sol to be nonabsorbing, and obtain new retrievals of
Re[mf(�)] and of �f(�) while retaining all other aerosol
estimates. The use in these steps of Im[mf(�)] to con-
strain �(�) implies that we assume internal mixing for
the absorbing and nonabsorbing aerosol components.
Hence, the retrieved real and imaginary refractive in-
dices should be interpreted as being the refractive in-
dices of an effective medium (Chylek et al. 2000). In
what follows, we also ignore the spectral variation of
Im[mf(�)], which in the visible is appropriate for soot
and which facilitates the inversion process. Last, the
small molecular optical thicknesses for wavelengths of
865 nm and longer allows us to separate the retrieval of
aerosol extinction optical depth, �(�), and of the verti-
cal distribution of aerosols in steps 7 and 8, respectively.
In section 4, we provide specific examples of the sensi-
tivity of our CLAMS data to ocean color spectra,
ocean-surface wind direction, aerosol absorption, and
aerosol vertical distribution.

b. Model simulations

The simulations performed for the present work use
the scattering models and numerical techniques de-
scribed by Chowdhary et al. (2005, manuscript submit-
ted to Appl. Opt., hereafter CHO) for radiative transfer
computations of polarized light in atmosphere–ocean
systems. Here, we discuss briefly the differences be-
tween these models and techniques and the ones used
by Chowdhary et al. (2001) and (2002).

1098 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S — S P E C I A L S E C T I O N VOLUME 62



The numerical computations for the atmosphere re-
main the same, but we consider now the following sce-
narios for the atmosphere observed at 3.6 km: (i) one
single layer consisting of a homogeneous mixture of
fine-mode and coarse-mode aerosols, and (ii) two sepa-
rate layers for the fine-mode and coarse-mode aerosols.
The aerosols layers for each scenario are mixed with
molecules, and we retrieve their physical thickness and
(for the second scenario) vertical order from RSP
analyses. We assume that all aerosols are located below
3.6 km; that is, the upper atmosphere contains mol-
ecules only with an ozone amount of 332 Dobson units
estimated from the nearest TOMS retrieval. Note
though that we allow the optical thickness of either
aerosol mode to be zero, which allows an “aerosol”
layer to consist only of molecules. For RSP observa-
tions at 60 m, we adopt the same aerosol distribution as
for the 3.6-km observations except for locating a frac-
tion of the coarse-mode aerosol and no fine-mode aero-
sol in the 0–60-m layer. In modeling the observations of
the broad spectral channels of the RSP we use solar
spectrally weighted band centers to calculate Mie scat-
tering properties and Rayleigh optical depths. The ef-
fects of gaseous absorption are also evaluated using
solar spectrally weighted values with correlated-k dis-
tributions being used for line absorption by water va-
por, oxygen, carbon dioxide, methane, carbon monox-
ide, and nitrous oxide and continuum absorption by
ozone, nitrogen dioxide, water vapor and the O2–O2

collisional complexes being evaluated separately
(Cairns et al. 2003; Lacis and Oinas 1991; Goody and
Yung 1989, chapter 4; Rothman et al. 2003). In the
analyses presented here the effect of O2–O2 absorption
on the 470-nm band has been neglected in order to
simplify the modeling and because its absorption opti-
cal depth of 0.002 is much smaller than the aerosol
absorption optical depth that is roughly 0.02. The ef-
fects of carbon dioxide, methane, and water on the
1590- and 2250-nm measurements are modeled using a
transmission correction to the aircraft level with mo-
lecular absorption optical depths of 0.0098 and 0.028,
respectively, below the aircraft. This approximation is
derived from and agrees with the two-pass transmission
calculated using the correlated-k distributions to within
0.01 for the view angle range used here. The 960- and
1880-nm-band measurements are not used in the fol-
lowing analysis since they are designed to estimate col-
umn water vapor and detect thin cirrus clouds, respec-
tively. Gaseous absorption in all other RSP bands used
in the following analysis is less than 0.001 in absorption
optical depth.

For the computation of the reflection of the direct
solar beam by sun glint, we adopt the ocean-surface
slope distribution of Cox and Munk (1954) that de-
pends on both the ocean-surface wind speed and direc-
tion. The reflection of diffuse skylight (i.e., light scat-
tered at least once in the atmosphere) by the ocean
surface is still computed as in Chowdhary et al. (2001)

and (2002) where the ocean-surface wind direction is
ignored. This approach provides good results for off-
sun-glint reflectances, which depend little on the ocean-
surface roughness regardless of the wavelength, and for
sun-glint angular profiles in the infrared, where the sky-
light is dominated by the direct solar beam. The accu-
racy for sun-glint angular profiles in the visible may be
lower because molecular and aerosol scattering in the
atmosphere become considerable contributors to sky-
light illuminations. The ocean foam albedo is modeled
using the spectral dependence measured by Frouin et
al. (1996), but it is only a noticeable contributor to the
modeled reflectances when simulating the measure-
ments taken at heights of 60 m.

To account for variations in the backscattering effi-
ciency qp(�) of suspended matter in the ocean, CHO
propose using a mixture of two particulate components:
phytoplankton and detritus particles. Their approach is
similar to the one used by Morel et al. (2002) except for
(i) using the bimodal distribution of (real) refractive
index found for oceanic particulates (e.g., Spinrad and
Brown 1986) for the two particulate components, and
(ii) using an upper limit for underwater-light polariza-
tion signatures (e.g., Voss and Fry 1984) to constrain
the size distributions of these components. The scatter-
ing functions of two such components (see Table 1) and
of some of their mixtures are shown in Fig. 2. The un-
derwater-light polarization constraint used for these
components is the linear polarization of light scattered
by pure seawater, that is, of Rayleigh scattering with a
depolarization factor of 0.09 (Morel 1974). Mixing
these components allows one not only to reproduce
measured values of qp(�), but also to maintain the same
linear polarization ratio regardless of the mixture.

The CLAMS experiment only provides data for the
particulate backscattering coefficient sp(�), which is re-
lated to qp(�) by the expression

sp��� � sblk��� � 0.5bw��� � bp���qp���, �1�

with bw(�) and bp(�) the scattering coefficients (m�1)
of water and particulate matter, respectively. Smith and
Baker (1981) provide values for bw(�), but bp(�) may
vary rapidly with space and time, especially in coastal
regions such as the COVE site. However, multiple scat-
tering simulations performed by Morel and Prieur
(1977) show that the albedo of the ocean is linearly
proportional to sp(�) regardless of the values of bp(�)

TABLE 1. Hydrosol components.

Plankton Detritus

Junge size parametera 3.7 4.4
Refractive indexb 1.04 1.15
Particle number fractionc 0.61 0.39

a For 0.01 m � radius � 100 m.
b Relative to water.
c For qb � 0.0109.
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